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Introduction 
Acid mucopolysaccharides are major components of the 
ground substance of connective tissue. The polymeric and 
polyelectrolyte properties of acid mucopolysaccharides 
suggest that these compounds may play an important role 
in influencing the extracellular content and transport of 
water, electrolytes, and other substances such as albumin. 
They have been implicated in the water-binding mechanism 
of subcutaneous tissue and are responsible for the accumu¬ 
lation- and osmotic inactivation of cations In cartilage. 
Histochemical studies and biochemical determinations 
reveal large amounts of acid mucopolysaccharides in the 
interstitium of mammalian renal papillae between the 
collecting ducts and blood capillaries. Since the urine 
concentrating capacity of the mammalian kidney correlates 
well with the degree of hypertonieity attained In the inner 
medulla, the presence of large quantities of acid mucopoly¬ 
saccharides along structures involved in the urine concen¬ 
trating process stimulates Interest in the role which these 
compounds may have In water and electrolyte exchanges during 
urine formation. According to several investigations, renal 
papillae from animals undergoing antidiuresis have a signif¬ 
icantly lower acid mucopolysaccharide content than papillae 
from animals undergoing diuresis. The study presented in 
35 




Incorporation into mucopolysaccharides in slices of 
rabbit renal papillae and investigates the effects of 
35 
NaCl-induced increments in osmolality on S incorporation 
with the purpose of studying mucopolysaccharide metabolism 
under conditions which may have physiological significance. 
The results of such a study may disclose changes in muco¬ 
polysaccharide metabolism important in urine formation and 
may help to explain the observations of other investigators 
on the variations in mucopolysaccharide content of renal 
papillae. 
Part I of this paper enumerates the acid mucopoly¬ 
saccharides isolated from the connective tissue of animals 
and describes the polymeric and polyelectrolyte properties 
of these compounds which are believed to be important in 
the extracellular regulation of water and electrolyte trans¬ 
port. Part II documents the evidence for the physiological 
variations in the mucopolysaccharide content of renal 
papillae and presents the results of an experimental inves- 
tigation of NaCl-induced increments in osmolality on 
incorporation into mucopolysaccharides in slices of rabbit 
renal papillae. A discussion of the importance of acid 
mucopolysaccharides in urine formation follows. 

I. The Role of Acid Mucopolysaccharides in Water and 
Electrolyte Metabolism, 
A* The acid mucopolysaccharides of animal connective tissue. 
The connective tissue of animals is a mesenchymal 
tissue composed of four morphological components? cells, 
vessels, fibers, and ground substance. Ground substance, 
, distributed throughout the intercellular space, exists as 
an amorphous gel of varying consistency, composed of water, 
salts, proteins, and polysaccharides.' As constituents of 
the ground substance, acid mucopolysaccharides occupy a 
strategic position, for all substances entering and leaving 
cells must ultimately pass through the ground substance of 
connective tissue. 
The acid mucopolysaccharides extracted from the ground 
substance of animal connective tissue comprise a group of 
structurally related, high molecular weight heteropoly¬ 
saccharides , composed of repeating disaccharide units 
which alternate regularly along non-branching polymeric 
chains* Meyer (1) distinguished two groups of acid muco¬ 
polysaccharides? simple, or non-sulfated, and complex, or 
sulfated. Of the non-sulfated acid mucopolysaccharides, 
only two have been characterized in detail: hyaluronic acid 
and chondroltin. The complex, or sulfated, acid mucopoly¬ 
saccharides include chondroltin sulfate A, chondroltin 




Table I. Composition of acid mucopolysaccharides isolated from 
animal connective tissue. 
Sulfates^ 
period 
Polysaccharide Hexosamine Hexuronate Hexose Ester Amid 
Hyaluronic acid Glucosamine Glucuronate - 
Chondroitin Galactosamine Glucuronate - 
Chondroitin sulfate A Gal ac t o samin e Glucuronate 1.0 - 
Chondroitin sulfate B Galactosamine Xduronat e 1.0 - 
Chondroitin sulfate C Galactosamine Glucuronate 1.0 - 





Heparitin sulfate Glucosamine Glucuronate 0.5 0.5 
Figure I. Structural formulae of hyaluronate and chondroitin sulfate 
Sodium hyaluronafe segment 
Na®OfS Na®0?S 
Sodium chondroitin sulfate segment 

3. 
heparitin sulfates * These compounds differ from one another 
in the nature of their constituent sugars and in the number 
and position of their substituent sulfate groups. Table I 
lists these seven most frequently isolated mucopolysaccharides 
and indicates the components of their repeating disaccharide 
units. Figure I shows the structural formulae for the two 
most common and extensively studied acid mucopolysaccharides? 
hyaluronic acid and chondroitln sulfate. 
Hyaluronic acid is a non-sulfated,' linear, non-branching 
polymer with a repeating disaccharide unit of N-acetyl- 
D-glucosamine and D-glucuronic acid. Adjacent disaccharide 
units are joined by£l,4 linkages, while the two constituent 
sugars of each unit are joined, by a £1,3 linkage. The 
molecular weight of hyaluronate depends on the tissue source 
(2): hyaluronate from vitreous humourranges from 200,000 to 
500,000 but that from synovial fluid, umbilical cord, or 
rooster comb varies from 1x10^ to 5x10^. Hyaluronic acid, of 
molecular weight 10^ would have 2,500 periods, or repeating 
disacchiride units. Since there is no evidence of branching, 
the extended length of the chain of this molecule would be 
about 25*000 A - roughly 1/3 the diameter of a red cell (3)* 
Aqueous solutions of hyaluronic acid are distinguished by 
their high viscosities - a property dependent on the poly~ 
meric nature of the molecule in solution. Hyaluronic acid is 
particularly abundant in umbilical cord, synovial fluid, and 

vitreous humour and has also been isolated from the skin 
of various animals,, the heart valve of pig, beef aorta, 
calf bone, ligamentum nuchae of cattle, the electric organ 
of the electric eel, a liposarcoma of man, and the culture 
fluid of fibroblasts derived from human bone, from human 
skin, and from rat subcutaneous tissue (4). Indeed, hyal¬ 
uronic acid appears to be almost ubiquitous throughout the 
connective tissue of animals* 
Chondroitin, another non°sulfated mucopolysaccharide, 
appears to be an isomer of hyaluronic acid, in which the 
D-=glucosamIne is replaced by D-galactosamine (5)« Like 
hyaluronate, chondroitin forms viscous solutions, gives a 
mucin clot on acidification, and is digested by testicular 
and bacterial hyaluronldases at a rate similar to hyaluronate. 
Chondroitin has been isolated only from the cornea (6). 
The chondroitin sulfates are sulfated acid mucopoly- 
saccharides with repeating disaccharide units of N-=acetyl- 
D-galactosamine and D-glucuronic, or L-iduronic, acid, joined 
by alternating p1,4 and ^1,3 linkages. The three major 
members of this group have been distinguished by their 
different solubilities, optical rotations, susceptability to 
enzymatic hydrolysis, and infra-red absorption spectra (4). 
Chondroitin sulfates A and C differ mainly in the position 
of their substituent sulfate groups, while chondroitin 
sulfate B contains iduronic acid, dissolves less readily 
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than A or C, and completely resists hydrolysis by testicular 
or bacterial hyaluronidase. The molecular weight of chondroltin 
sulfate A is about 50,000 with approximately 80 repeating 
disaccharide units per mole - substantially less than hyaluronic 
acid. The distribution of these chondroitin sulfates varies 
considerably. Chondroitin sulfate A occurs in cartilage, bone, 
cornea, aorta, nasal septum, and ligamentum nuchae (4). Chon- 
droitin sulfate C, admixed with other mucopolysaccharides, 
appears as a constituent of cartilage, bone, tendon, heart 
valves, umbilical cord, nucleus pulposus, and the culture 
fluid from fibroblasts derived from bone, human skin, and rat 
subcutaneum (4). Chondroitin sulfate B, originally isolated 
from pig skin (7), has subsequently been extracted from calf 
and rat skin, pig aorta, tendon, and ligamentum nuchae, but 
not from umbilical cord, cartilage, or bone (4). 
Keratosulfate, which is a sulfated, non-uronic acid 
containing mucopolysaccharide of unknown molecular structure, 
contains equimolar amounts of N-acetyl-D-glucosamine, galactose, 
and sulfate (8). It constitutes a major fraction of the 
mucopolysaccharide content of cornea (9) and the nucleus 
pulposus (10, 11), and comprises a minor proportion of the 
mucopolysaccharides In growing bone. 
The heparitin sulfates, of unknown molecular structure, 
represent a mucopolysaccharide fraction which has been isolated 
from aorta and from human anyloid and which contains equimolar 
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amounts of glucosamine, uronlc acid, and sulfate (12). 
These fractions have strongly positive optical rotations and 
are reslstent to testicular hyaluronidase. 
All the mucopolysaccharides described above contain 
within each of their disaccharide units anionic groups - 
carboxylate, ester sulfate, or amide sulfate - which, at 
physiological pH, exist as negatively charged groups, each 
associated with a positively charged counterion, such as Na . 
Each of the 2,500 repeating units of hyaluronic acid of 
molecular weight 10^ contains one negative charge capable 
of associating one univalent cation, while each of the 80 
repeating units of chondroitin sulfate of molecular weight 
50,000 has two anionic groups which can associate two uni¬ 
valent, or one divalent cation. Thus the connective tissue 
acid mucopolysaccharides exist as polyanions consisting of 
long chain polymers displaying a large number of negative 
charges fixed to and regularly spaced along the poly¬ 
saccharide chains. 
Three factors suggest that acid mucopolysaccharides may 
play an important regulatory role in the extracellular.content 
and transport of water, electrolytes, and other substances: 
(l)their already mentioned strategic position as constituents 
of the ground substance of connective, tissue, (2)their 
properties as diffuse polymeric protein-polysaccharide 




B. The protein-polysaccharide nature of acid 
mucopolysaccharides. 
All connective tissue mucopolysaccharides occur in vivo 
bound to protein; at least there is no known instance in which 
protein-free polysaccharide occurs* In 1958, Schubert (13), 
using extraction procedures with water and dilute solutions 
of neutral salts, was able to isolate from mechanically 
disintegrated bovine nasal cartilage a product which contained 
80/5 of the total tissue content of chondroitin sulfate. This 
product, called chondromucoprotein, behaved as a compound of 
chondroitin sulfate and protein. In later studies, this 
chondromucoprotein was separated by centrifugation Into two 
distinct fractions? PP-H (protein-polysaccharide -heavy) 
which readily sedimented at 50,000g and PP-L (protein-poly¬ 
saccharide -light) which did not sediment at even 100,000g (14) 
Both products consisted mainly of chondroitin sulfate and 
protein. Finer separation techniques made possible the fraction 
ation of PP-L into a series of water soluble compounds with 
regularly graded increases in protein content, viscosity, and 
sedimentability from one member of the series to the next (15)♦ 
Both the PP-H fraction and the cartilage residue (OR fraction) 
remained insoluble in water. Interestingly, treatment of both 
PP-H and CR with NB^OH yielded a water-soluble product, termed 
PP-L2, which behaved similarly to PP-L (l6). Compounds of 
chondroitin sulfate and protein resembling the PP-L of bovine 
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nasal cartilage have been isolated from human cartilage, both 
costal and articular, and extraction procedures on human aorta 
have yielded a compound of protein and chondroifcin-6-sulfate 
which manifests the same general composition and properties 
as PP-L (17). 
Although investigators initially thought that hyaluronate 
isolated from vitreous humour was protein free, more discrim¬ 
inating procedures indicate that hyaluronic acid also exists 
in'vivo bound to protein, but to a much, lesser extent than 
chondroitin sulfate (18). Studies on synovial hyaluronate 
indicate a protein content of 2$, and zone electrophoresis of 
1^3^ labelled hyaluronate-protein at several pH* s reveals the 
uronic acid and travel together (19) • 
Even though both chondroitin sulfate and hyaluronic acid 
exist as protein-polysaccharide compounds, the structures of 
their respective molecules differ markedly (20). In hyaluronate 
the polysaccharide appears to be a simple, long, unbranched 
chain with a molecular weight of 10^, while the protein com¬ 
ponent accounts for only 2% of the whole molecule. Thus the 
properties of the polysaccharide dominate those of the protein 
in determining the behavior of the molecule as a whole, and the 
action of a protease has no demonstrable effect on the viscosity 
or the expansive domain occupied by the molecule in solution. 
« 
The relation between protein and polysaccharide in PP-L is 
quite different. Like synovial hyaluronate, PP-L has a 
» 
/• 
molecular weight of about 10 , but the molecule contains 
15% protein compared to the 2% in hyaluronate. Furthermore, 
in the PP-L molecule, the chondroitin sulfate is not a single 
continuous polysaccharide chains reducing end group assay 
combined with molecular weight determinations indicates that 
in a molecule of PP-L of molecular weight 10^ there are about 
17 chondroitin sulfate chains with an average weight of 50,000 
each. Thus PP-L is envisioned as being a relatively highly 
branched molecule with a protein core, constituting 15/? of the 
weight of the molecule, to which is attached 15 to 20 poly¬ 
saccharide chains. Like hyaluronate, PP-L occupies in solution 
a large domain, but unlike hyaluronate and because of its high 
protein content and branching structure, PP-L when digested 
by trypsin undergoes a rapid and large drop in viscosity as 
the domain occupied by the PP-L molecule collapses and the 
individual chondroitin sulfate chains separate freely. 
The elucidation of hyaluronate and native chondroitin 
sulfate as diffuse protein-polysaccharide molecules provides 
an intelligible model for interpreting several properties of 
these compounds in solution and of possibly offering an insight 
into their physiological roles as components of the ground 
substance of connective tissue. Laurent and Pietruszkiewicz 
(21) studied the effect of hyaluronic acid in solution on the 
rate of sedimentation in a centrifugal field of a series of 
particles varying in size from serum albumin to polystyrene 
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latex particles. Their studies indicated that the hyaluronate 
exerted a retarding effect that increased with increasing 
particle size and also with increasing hyaluronate concentration. 
They Interpreted these results in terms of a random three dimen¬ 
sional network of hyaluronate chains extending throughout the 
solution and thereby slowing up the rate of fall of the particles, 
the larger particles being slowed the more. 
Ogston and Phelps (22) described another property of 
hyaluronate in solution. They performed equilibrium dialysis 
experiments in which hyaluronate was dialyzed against inulin. 
When the system reached equilibrium, the concentration of 
inulin on the side of the membrane containing hyaluronate was 
significantly lower than that on the hyaluronate-free side. 
Similar results were obtained with a variety of other large 
moleculesi serum albumin, carbon monoxide hemoglobin, dinitro- 
phenol derivatives of several proteins, and several forms of 
polyglucose. Apparently, the hyaluronate excluded large solute 
molecules from a part of the solution it occupied, and the 
volume of exclusion increased the larger the molecular size 
of the excluded solute and the higher the concentration of 
hyaluronate. Small molecular species, however, came to equi¬ 
librium with equal concentrations on both sides of the membrane. 
Solutions of PP-L also display this capacity to exclude other 
large solute particles from a portion of the domain occupied 
by the mucopolysaccharide in solution (23). 
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A third property of mucopolysaccharides in solution 
which may be of physiological Importance concerns the inter¬ 
actions or entanglements of hyaluronate with the insoluble 
fibrils found in connective tissue* Fessler (24) precipitated 
collagen fibrils to form a stiff gel by heating cold solutions 
of collagen. Centrifugation of this gel produced a small 
pellet of sedimented collagen fibrils with water entrapped 
between the fibrils. When a small amount of hyaluronate was 
added to the collagen solution and the hyaluronate-collagen 
solution was again heated and centrifuged, a pellet was pro¬ 
duced that weighed five times the control pellet formed in 
the absence of hyaluronate. This increase in pellet weight 
resulted from an increase in the amount of water entrapped 
within the collagen fibrils of the pellet. Unlike the control 
pellets, the hyaluronate containing pellets had a firm elastic 
consistency which was destroyed when the pellets were incubated 
in hyaluronidase. These experiments show that the entangle¬ 
ment of collagen with the polymeric hyaluronate chains endows 
the network of collagen fibrils with a resistance to com¬ 
pression in a centrifugal field - a property which is inter¬ 
preted as reflecting the resistance of hyaluronate to com¬ 
pression of its expansive domain in solution. This resistance 
to compression of the hyaluronate domain accounts for the high 
water content in the collagen-hyaluronate pellets. 
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Schubert (25) describes similar experiments with collagen* 
and PP-L, in which the collagen-PP-L pellets showed even 
greater gains in water content than the collagen-hyaluronate 
pellets. Pellet wet weights increased linearly with PP-L 
concentration and the water content reached values over 95% 
of the pellet wet weights. 
These three properties of mucopolysaccharide solutions 
are interesting expressions of how these compounds can deter¬ 
mine the content and movement of substances through solutions 
and thus, to some extent, the properties of the solution as 
a whole. The early studies on spreading factors containing 
hyaluronidase and their ability to increase the rate of spread, 
or diffusion, of substances through connective tissue may 
illustrate the importance of the structural integrity of 
mucopolysaccharides in regulating the movement of substances 
through the ground substance. Mucopolysaccharides in general, 
and hyaluronate in particular, have also been implicated in 
the "binding,, of water in connective tissue in vivo (see below) 
Although the whole concept of water binding is ambiguous and 
difficult to define in any purely chemical sense, the notion 
does convey the idea that bound water is less able to move or 
escape from its location and may lead to there being more 
water in some particular location than would be expected if 
binding did not occur (26). Such binding may affect the prop¬ 
erties of the water bound as well as those of solutes dissolved 
in the water 
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Most connective tissue contains over ?0$ water by 
weight (2?) and, at least in normal shin, there appears 
to be little, if any, freely moving, unbound water (28)c 
In a series of studies, Hvidberg and co-workers (29, 30, 
31, 32) attempted to implicate hyaluronate as an important 
substance in the water-binding mechanism of connective 
tissue* They showed that excessive dehydration of mice was 
accompanied by a significant decrease in the hexosamine 
content of the subcutaneous connective ,tissue, while in 
mice treated with estradiol both the water and hexosamine 
content of the skin rose (29)« In another study, Hvidberg 
(32) reported that the commonly observed loss of water 
from skin with increasing age was, in rats, paralleled by 
a similar decrease in hexosamine content. Boas and Foley 
(33) also noted a high degree of correlation between the 
concentrations of water and hexosamine in subcutaneous 
tissue of rats and the simultaneous decrease in water and 
hexosamine with increasing age. In later studies, Hvidberg 
and Jensen (31) observed that the decrease in hexosamine 
and water occuring in aging rats and in dehydrated rats was 
accompanied by a decrease in the molecular weight of the 
mucopolysaccharides of the connective tissue, while the 
increase in water and hexosamine levels seen in estradiol- 
treated animals was accompanied by an Increase in molecular 
weight. These results suggested that the size, or degree of 
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polymerization, of the hyaluronate molecule is an important 
factor in the water-binding mechanism of connective tissue. 
Rehydration of dehydrated animals normalized, the molecular 
weight of the mucopolysaccharides. Thus they concluded that 
the water-binding capacity of the connective tissue depends 
on both the quantitative and qualitative state of the muco¬ 
polysaccharide-protein complexes in the ground substance of 
connective tissue. 
C. The polyelectrolyte and ion-exchange properties of acid 
mucopolysaccharides. 
Mucopolysaccharides are polyelectrolytes; they are high 
molecular weight polymers with a large number of fixed, nega¬ 
tively charged groups rather evenly distributed along the 
polymeric chain. Each anionic group is neutralized by a 
cation, or counterion. In addition to exhibiting the high 
specific viscosities characteristic of polymeric solutions, 
their solutions can conduct an electrical current and give 
electrode reactions® Polyelectrolyte solutions differ, how¬ 
ever, from those of simple electrolytes in that the osmotic 
coefficients of the solvents, the activity coefficients of 
the counterions, and the conductivity of the polyion are all 
anomolously low when compared to simple electrolyte solutions 
(34). These anomolous properties are best explained by 
assuming that a significant fraction -of the counterions are 
bound on or inside the polyion. 
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An understanding of the nature of polyelectrolyte 
solutions derives mainly from studies of various syn¬ 
thetic polyelectrolyte salts. Huizenga et al. (35) 
devised a method of estimating the extent of ion binding 
to polyelectrolytes by measuring the transference num¬ 
bers of polyion and. counterion In solutions'through 
which an electrical current is passed. Using measurements 
obtained from transference experiments on a polyacrylic- 
NaOH-water system, they calculated that a maximum of about 
60/o of the Na in solution was bound to the polyelectrolyte 
at 100$ neutralization. Further investigations by Wall 
and Doremus (36) revealed that the fraction of Na bound 
decreased with Increasing polymer concentration, that the 
extent of binding was independent of temperature over the 
range 0° to 42°, and that K was bound to the same extent 
as Na. Studying solutions of polymer Na phosphate, these 
same investigators (37) found that the fraction of Na bound 
to the polyphosphate increased with the molecular weight of 
the polymer and that polymetaphosphate with a chain length 
of about 150 units bound up to 70$ of sodium ions in solution. 
Another method for estimating the extent of counterion 
fixation by polyions is the measurement of the osmotic pres¬ 
sure of a polyelectrolyte solution (39)* According to van*t 
Hoffs* law, an ideal solution containing n moles of polymeric 
ions per unit volume with each polymer containing v charges and 
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neutralized by v counterions should have an osmotic pressure 
given by the expression? 
VIdeal = <n+nv>HT 
This equation assumes that the polymeric ions and counterions 
contribute fully and independently to the osmotic pressure* 
Since generally a polyelectrolyte molecule carries many 
hundreds of fixed charges, nv> n, or 
TT ~ nvRT . 
According to this equation, practically all of the osmotic 
pressure of a salt-free polyelectrolyte solution is attributed 
to the small counterions. Experimental measurements, however, 
are not in accord with 1and an osmotic coefficient z 
must be introduced into the equation to obtain the observed 
osmotic pressure? 
Tobs. = z -"ideal - nvzRT • 
Experimentally derived values of the osmotic coefficient 
are invariably below unity- a fact which strongly suggests 
that an appreciable fraction of counterions are rendered 
osmotically inactive and are presumably fixed or bound to 
the polyion. The work of Alexandrowicz (40) on ionized poly¬ 
acids showed that the osmotic coefficient is only slightly 
dependent on polymer concentration, but decreases markedly 
with ionization. Over a wide range, the osmotic coefficient 
is almost inversely proportional to the number of charged 
groups per polymer, so that the product vz remains approxi¬ 
mately constant. Since vz equals the'number of counterions/ 
polymolecule osmotically effective, the polyelectrolyte 
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solutions tend to act as osmotic buffers, opposing changes 
in osmotic pressure viith the addition of neutralizing salts* 
From the pH measurements of Mark and Marshall (4l), the 
Na activity measurements of Nagasatfa et al. (42), and the 
studies of Alexandrowicz (43s 44), it can be seen that the 
osmotic pressure of a mixture of polyelectrolyte and mono¬ 
valent salt is almost equal to the sum of the partial pres- 
sures of the components. Significantly, the osmotic coeffi¬ 
cient is the same for salt-free and salt-containing poly¬ 
electrolyte solutions, or, in other words, the degree of ion 
binding is independent of the amount of extraneous electrolyte 
a fact which may be of physiological importance. 
The specific nature of the binding of cations to poly¬ 
electrolytes remains obscure. Rice and Nagasawa (34) have 
published an extensive theoretical analysis of polyelectrolyte 
solutions in which they distinguish three types of binding: 
(1) undissociated binding (H -5- COO -p COOH) , in which the H 
atom of COOH has zero mobility, (2) ion-pair formation, in 
which counterions are localized on or near the fixed charges 
of the polyion because of the high electrostatic potential 
originating from the fixed charges, and (3) nonlocalized 
binding, in which counterions are retained within in the 
potential field in the domain of the coiled polyion. They, 
envision the polyion as a more or less coiled structure having 
a cylindrical ionic atmosphere around the polymer skeleton. 
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The domain binding model refers to ions entrapped within the 
overall volume of the coiled structure, while the site 
binding model - which, according to Rice and Nagasawa, best 
explains the behavior of counterions - refers to the cylin¬ 
drical ionic atmosphere around the polyion skeleton. 
Acid mucopolysaccharides isolated from connective tissue 
also exhibit the cation binding capacity shown by the synthetic 
' polyelectrolytes. Farber and Schubert (45) used equilibrium 
dialysis experiments to study the cation binding of chondroitin 
sulfate isolated from bovine nasal cartilage. Their results 
indicate that chondroitin sulfate can bind, or osmotically 
inactivate, 0.9 equivalents of sodium or potassium per period 
of chondroitin sulfate and 1.3 equivalents of calcium per 
period of chondroitin sulfate, while the methyl ester of 
desulfated chondroitin sulfate - which does not contain any 
Y 
1 
ionic groups - did not show any evidence of cation binding. 
Divalent ions are bound to a higher, degree than monovalent 
ions, and, indeed, trivalent cobalt ion associated with six 
neutral ammonium molecules can precipitate chondroitin sulfate 
from dilute aqueous solution (46) and the hexavalent cobalt 
ion of hexol chloride can even precipitate hyaluronate directly 
from very dilute aqueous solution (4?). 
The cation binding capacity of the various acid mucopoly¬ 
saccharides varies with the number of anionic groups per di¬ 
saccharide unit and the particular molecular structure of the 
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mucopolysaccharide. Buddecke and Drzenick (48) reported 
the affinity of acid mucopolysaccharides for Ca under 
physiological conditions decreases in the order heparin> 
chondroitin sulfate B>chondroitin sulfate C> chondroitin 
sulfate- A ^ hyaluronic acid. Mathews (49), in an attempt to 
explore the influence of structural parameters of mucopoly¬ 
saccharides on cation binding, indicated that the affinity 
+3 
for Co(NHo)^ decreased in the order of sulfated heparin> 
heparin >chondroitin sulfate B>chondroitin sulfate 
chondroitin sulfate C> keratosulfate* 
Not only do the different mucopolysaccharides exhibit 
varying affinities for any one species of cation, but dif¬ 
ferent cations show a varying degree of affinity for any one 
kind of mucopolysaccharide. Dunstone (50) , treating the inter¬ 
actions of cations with mucopolysaccharides as ion-exchange 
reactions, reported the following order of affinity for cations 
K < Na< Mg < Ca < Sr < Ba for chondroitin sulfate A 
K<Na<Mg = Ca = Sr = Ba for chondroitin sulfate B 
Na< K < Mg < Sr < Ba < Ca for heparin. 
The differences in the orders of the affinities are thought 
to reflect differences in the structure of the various 
mucopolysaccharides. 
Thus, not only can acid mucopolysaccharides bind and 
osmotlcally inactivate cations in solution, but each muco¬ 
polysaccharide, as an ion-exchanger, can, under appropriate 
conditions, show a degree of discrimination in the type of 
cation it binds 
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Among the most informative studies on the physiological 
control of ion distribution exercised by connective tissue 
are the works of Catchpole, Joseph, and Engel. They regarded 
the ground substance of connective tissue as -consisting 
largely of three types of components? colloids, water, and 
diffusible electrolytes, and, on the basis of morphological 
evidence (51* 52, 53), they developed the concept of a two- 
phase organization of ground substance? a water-rich, colloid- 
poor phase coexisting in equilibrium with a colloid-rich, 
water-poor phase. By electrometrical analysis, they measured 
the net colloidal charge density of ground substance in various 
connective tissues (54-58). This is actually a measurement 
of the acid, or base-binding, groups present in ground sub¬ 
stance and represents the difference between the total 
diffusible cation and anion content of the tissue. Cartilage, 
with a high content of chondroitin sulfate, carries a high 
negative charge; intermediate values are found in dermis and 
corneal stroma and low values in primate sex skin and tendon. 
The electrolyte content of connective tissue and its ability 
to accumulate ions depends largely on the net colloidal charge 
density of the ground substance. Cartilage, which has a base- 
binding capacity of over 400 meq (compared to blood serum with 
150-l60 meq), demonstrates the marked ability of connective 
tissue to accumulate ions on the basis of colloidal charge 




highly selective, and from a knowledge of the electrolyte 
composition of ground substance and of blood serum, the 
standard free energies of distribution for any given ion 
can be calculated with respect to any other ion. Not only 
does cartilage, because of its high negative colloidal 
charge, display a pronounced capacity to accumulate cations, 
but it shows a selective affinity for potassium. Thus, ions 
and charged molecules may be regarded as simultaneously 
competing for ground substance, their presence ultimately being 
determined by their concentration in the blood and their free- 
energies of exchange with the ions already present in the 
ground substance. This capacity of connective tissue to 
accumulate and selectively bind cations presumably reflects 
to a large extent the polyelectrolyte nature of the acid muco¬ 
polysaccharides present in the ground substance. 
Table II. Distribution of physiologic cations in blood serum 
and cartilage (58) 
Blood Serum, 
mEq/llter water 
Negative colloid 10.0 
Na 140.0 
K 3.5 
Ca (total) 5.6 
Mg (total) 2.5 
Cartilage, 
mEq/liter Ionic Ratios, 








Part II. The Role of Acid Mucopolysaccharides in Urine 
Formation 
A* The acid mucopolysaccharides of the renal papillae. 
Histochemical studies of renal papillae reveal high 
concentrations of acid mucopolysaccharides in the inter- 
stitium between collecting ducts and capillaries (59-65). 
According to Krestinskaya (59)» the distribution of muco¬ 
polysaccharides in the kidneys of mammals follows a char¬ 
acteristic pattern. Although the basement membranes of 
glomeruli, tubules, and the initial portions of the collect¬ 
ing ducts - structures confined to the cortex and outer 
medulla - stain for only neutral mucopolysaccharides, the 
inner medulla including the papillary tip stains intensely 
for acid mucopolysaccharides: both hyaluronic acid and sul- 
fated mucopolysaccharides. Hyaluronic acid appears to be 
a component of the intercellular cement between collecting 
duct cells and also the basement membrane of the collecting 
ducts, while the sulfated mucopolysaccharides occupy the 
interstitial space between the ducts and capillaries and, in 
some areas, help form the basement membrane of collecting 
ducts. Interestingly, the kidneys of lamprey and fish were 
found to contain only neutral polysaccharides, whereas those 
of amphibians, reptiles, birds, and mammals - all land verte¬ 
brates capable of elaborating hypertonic urine - contain both 
neutral end acid mucopolysaccharides. Furthermore, along the 
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evolutionary scale from amphibians to mammals, the neutral/ 
acid mucopolysaccharide ratio shifts to the acid mucopoly¬ 
saccharide side., 
Because of the characteristic location of these acid 
mucopolysaccharides along structures involved in the urine 
concentrating process and because the polymeric and poly-* 
electrolyte properties of these compounds suggest they may 
• influence water and electrolyte transport through the ground 
substance of tissues, the abundance of acid mucopolysaccharides 
in the interstitium of renal papillae stimulates interest in 
their possible role in water and electrolyte exchanges in 
urine formation. 
In 1953, Ginetzinsky (60) reported decreased metachromatic 
staining in the intercellular cement and basement membranes 
f 
of collecting ducts in rats undergoing antidiuresis. He at- 
tributed this change to depolymerization of hyaluronic acid 
by hyaluronidase secreted by collecting duct cells responding 
to antidiuretic hormone. Although Berlyne (6l) and others 
have questioned the validity of Ginetzinsky*s hyaluronidase 
data, there does appear to be a relationship between hydration, 
dehydration, and ADH administrati021 and the mucopolysaccharide 
content of renal papillae. Ivanova and Vinogradov (62), 
using a variety of staining techniques, observed intense 
staining for acid mucopolysaccharides between collecting ducts 
and blood capillaries in papillae from hydrated rats, while 

papillae from rats injected with posterior pituitary extract 
showed marked reductions in staining® Because of the lack of 
staining of kidney sections subjected to methylation and. 
saponification, they believed the mucopolysaccharide to be 
chondroitin sulfate, not hyaluronic acid® Stolarcyk and 
Manitius (63) also reported decreased K-metachromasia in 
rats undergoing antidiuresis and osmotic diuresis* Although 
Heller and Lojda (64) and Breddy et al. (65) confirmed the 
presence of acid mucopolysaccharides in the papillary inter- 
stitium and in the basement membranes and intercellular 
cement of collecting ducts, they could find no consistent 
changes in histochemlcal staining related to the diuretic 
state of the animals they studies* 
Dicker and Franklin (66) isolated hyaluronic acid and 
chondroitin sulfate from pig, sheep, and dog medullae, in 
amounts ranging from 1-2$ dry tissue weight. Farber et al. 
(67) isolated hyaluronic acid and chondroitin sulfate, also 
with a 1-2$ yield, from beef papillae and chondroitin. sulfate 
from rabbit papillae. Bovine testicular hyaluronidase completely 
depolymerized rabbit chondroitin sulfate, suggesting that the 
mucopolysaccharide may be chondroitin sulfate A, chondroitin 
sulfate C, or both, while beef papillae chondroitin sulfate 
was only 70$ depolymerized, indicating that some beef chondroitin 
sulfate may be chondroitin sulfate B. Recent data indicate 




Jacobson et al, (69), in an attempt to quantitate the 
variations in mucopolysaccharide content in renal papillae 
suggested by the previously mentioned histochemical studies, 
determined the hexosamine content of renal papillae from 
rats during states of varying diuresis. Papillae from 
dehydrated rats and ADH~injected rats had significantly lower 
hexosamine levels (and presumably lower mucopolysaccharide 
contents) than papillae from hydrated rats. They also observed 
decreased metachromatic staining in papillae from dehydrated 
and ADH-treated rats. 
Farber et al. (67) measured the in vitro S^5 incorporation 
into chondroitin sulfate in rabbit renal papillae and reported 
35 
that whole papillae incorporate S more efficiently than 
minced papillae, while homogenates of rabbit renal papillae 
showed virtually no incorporation. Apparently the cells 
of renal papillae must be intact for sulfate incorporation; 
cartilage also exhibits this same property (70). 
35 
B. The effect of NaCl-Induced Increments on S incorporation 
into acid mucopolysaccharides in rabbit renal papillae. 
This study describes methods for measuring the in vitro 
35 
S ^ incorporation into acid mucopolysaccharides in slices of 
rabbit renal papillae and investigates the effect of NaCI- 
induced increments in osmolality on S-^5 incorporation with 
the purpose of studying the metabolism of mucopolysaccharides 
in renal papillae under conditions which may have physiological 
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significance. Numerous investigations (71 *=77) have established.' 
the existence of an increasing osmotic gradient towards the 
papillary tip in the renal medulla and have correlated changes 
in hypertonicity of this region with the urine concentrating 
capacity of the kidney. Because of the ability of acid muco¬ 
polysaccharides to Influence water and electrolyte movement 
and because of the apparent relationship of the mucopoly¬ 
saccharide content of renal papillae to their functional state, 
35 
measuring the effect of hypertonicity op S ‘ incorporation 
may disclose changes in the mucopolysaccharide metabolism of 
this region important in urine formation. The results of such 
a study may also help to explain the observations of other 
investigators on the variations in mucopolysaccharide content 
of renal papillae. 
35 
The use of measuring incorporation to study muco¬ 
polysaccharide metabolism is common, although the exact 
mechanism of the incorporation remains unknown (78). 
Sulfation may take place at the monosaccharide level, or 
after some or all of the polymerization process has occurred. 
The studies of Strominger and his co-workers (79) on the 
enzymatic sulfation of preformed polysaccharide in hen oviduct 
have shown the sulfation process to involve the formation of 
active sulfate and the transfer of sulfate to the poly¬ 
saccharide acceptor, according to the following scheme: 
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(1) ATP * Sulfate—s-AMP-Sul fate + PP 
(2) AMP-sulfate *t aTP ——*»»Phospho-AMP-sulfate + ADP 
(3) Phospho-AMP-sulf ate' + acceptor-^Phospho-AMP *s* 
acceptor-sulfate 
Since most studies have been concerned with the in vitro 
sulfation of highly polymerized molecules, the degree of poly¬ 
merization at which sulfation occurs under physiological 
conditions still remains unknown. According to Bostrom and 
Roden (78), however, it seems reasonable to assume that sulfa¬ 
tion in vivo goes hand in hand with chain elongation of the 
polysaccharide through the addition of further mono- or 
oligosaccharide units. 
Methods. Papillae were obtained from rabbits maintained on 
a regular diet. For twelve hours before sacrifice, the rabbits 
were allowed only water, ad lib. The rabbits were killed by 
injecting 10 ml of air into the marginal ear vein. 
The papilla dissected from each kidney was cut in half 
along a line of dissection extending from the papillary tip to 
the corticomeduallary border. Each half papilla was cut on a 
Stadie-Riggs microtome into 4-6 slices, and the slices from 
each half were transferred to 25-ml screw-top, plastic tissue 
culture flasks, each containing 5 nil of medium. The flasks 
were gassed with 0>2^5% C02 to adjust the medium to pH 7*4 
and were placed in a 37° air incubator. After an initial two- 
hour incubation without S-^, the medium in each flask was 


MINIMUM ESSENTIAL MEDIUM 
With Earle * s Balanced Salt Solution 
Ref: Eagle, H., Science 130, 432 (1959) 
Component Gms/L 
NaCl. 
KC1 . . *  
NaHpPOh • 2HpO . 
CaC±2 (anhyd.) . ... 
Glucose ......  
L-arginine HC1  
L-cystine  
L-tyrosine  
L-histidine HG1 • H20 . . . . 
L-isoleucine . 
L-leucine  
L-lysine HC1  
L-methionine.. . . . 
L-phenylalanine . 
L-threonine ... ...... 
L-tryptophan  
L-valine  
Choline Cl .  




Pyridoxal HC1  
Riboflavin . 
Thiamine HC1 .... . 






























replaced with fresh medium containing 1.25 me per flask# 
The flasks were again gassed with 95^ 02~5/^ C02 and placed 
in the 37° incubator for a final two-hour incubation. 
The basic incubation medium used was Minimum Essential 
Medium with Earles® salts, prepared without MgSO/j. by Grand 
Island Biological Co. Appropriate amounts of NaCl were added 
to the medium when solutions of more than 300 mosmoles/kg H20 
were required. Osmolalities were determined on a Fiske 
Osmometer before each experiment. 
The following procedures serve to remove free from 
the tissues and to deprotelnize the tissue to remove non-muco- 
polysaccharide hexosamine. After the final incubation, the 
tissue from each flask was homogenized, placed in dialysis 
tubing, and dialyzed against a 0.1 M acetate buffer, pH 5.6, 
for 18 hours at k°. The tissue suspensions were then digested 
with papain for 5-6 hours at 60° in stoppered flasks containing 
30 mg EDTA, 15 mg cystelne-HCl, and 100^ papain solution 
(Worthington). After digestion, the extracts were dialyzed 
against running tap water for 18 hours and then distilled 
water for 18 hours. The extracts were trypsinlzed by adding 
10 mg of trypsin (Worthington) and dialyzed against a 0.1 M 
phosphate buffer, pH 7.8, for 18 hours at 37°. Following 
trypsinization, the extracts were dialyzed at l*°, in succession, 
against running tap water for 18 hours, S% ammonium sulfate for ' 
18 hours, running tap water for 18 hours, and distilled water 
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for 3 hours* The extracts were then concentrated, und.er 
vacuum and in a 60° waterbath, to 4 ml and centrifuged at 
5,000 rpm at 4° for 30 minutes. Two ml of clear supernatant 
were pipetted into glass-stoppered centrifuge tubes, each 
containing two ml of 8 N HC1, and were hydrolyzed for 13"15 
hours at 104°. 
Hexosamine analysis according to the method of Boas (80) 
was performed on one ml of hydrolyzed sample; radioactive 
counting was done in a gas flow counter.. Specific activities 
were expressed as CPM/0el micromole hexosamine. Electro¬ 
phoresis of unhydrolyzed extract on cellulose acetate strips 
in 0.05 M phosphate buffer, pH 7.0, revealed that all the 
radioactivity migrated to the Rf corresponding to chondroitin 
sulfate. 
In later experiments, modifications of the procedure 
described above were introduced to reduce the time required 
to complete each experiment. The initial two-hour Incubation 
35 
without S was shortened to twenty minutes. After the final 
35 
two-hour incubation with S ', the supernatant was discarded. 
To reduce excess radioactivity, the tissue slices were washed 
twice with 5 &1 of fresh medium. The tissues were then homog- 
enized and transferred to flasks containing 25 mg pronase and 
ten million units K penicillin. The flasks were placed in a 
shaker bath at 60° for two hours. The extracts were then 




RESULTS OF EXPERIMENT USING KIDNEYS OF SINGLE RABBIT 
Effect of Increasing Osmolality with Nad 
Ratios of Specific Activity CPM 
Hexosamine 
Osmolality Hexosamine CPM/ml S c A« E/C 
mosm/L yi mple/ml 
E 775 17.8 175,000 214,000 
0.26 
C 300 20.8 775*000 811,000 
E 775 16.8 151*000 195,000 
0.25 
C 300 27.0 970,000 ' 783,000 
C/C = 0.97 E/E : = 0.91 
Table II 
EFFECT OF INCREASING OSMOLALITY WITH NaCl 
Ratios of Specific Activity CPM 
Hexosamine 
2 Hours Incubation at 37 0 C 




16 300/300 0.97 - 
17 400/300 0.92 0.1-0.5 
9 500/300 0.80 <.001 
5 600/300 0.64 <.001 
3 660/300 0.53 - 
10 775/300 0.20 <.001 
6 900/300 0.06 <.001 
5 1000/300 0.06 <,001 
^unpaired t analysis 
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hours, running tap water for eight hours, and distilled 
water for two hours. The extracts were finally concen¬ 
trated, centrifuged, and hydrolyzed as described previously. 
Tissues and media used in oxygen consumption studies 
were prepared in the same way as those for the incorporation 
experiments. Slices from each half-papilla were placed in 
2.8 ml of medium in a standard 15~ml Warburg flask, the 
center well of which contained 0.25 ml of 20^ KQH, Readings 
were started after a 30-minute incubation, when the tissues 
were respiring at a constant rate. After a two-hour incu¬ 
bation, the tissues from each flask were blotted thoroughly 
and weighed. Oxygen consumptions were determined by the 
standard direct method of Warburg. 
Results. Table I records the results of an experiment using 
the two kidneys of a single rabbit. One half-papilla from 
each kidney served as a control (C), the other half as an 
experimental (E). The effect of incubation in hypertonic 
media on incorporation is expressed by the ratio E/G of 
the specific activity of the experimental half of one kidney 
to that of the control half-papilla of the same kidney. The 
ratios C/C and E/E compare, respectively, the control and 
experimental halves of the paired kidney. 
Table II and Figure I summarize data obtained from 
similar experiments designed for comparing specific activities 
at graded levels of hypertonicity to those at isotonicity. 
• 

Figure I. Effect of Increasing Osmolality with NaCl 








NaCl - mosmoles/kg H2O 
1000 
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NaCl-induced increments in osmolality significantly decreased 
specific activities at hypertonic levels. The decrease in 
specific activities resulted mainly from decreased S-^ in¬ 
corporation, and not from variations in hexosamine levels 
(Table III). Papillae incubated at 900 and 1,000 mosmoles/kg 
H20 showed negligible sulfate incorporation. It was also 
possible to demonstrate an increase in S-^ incorporation 
when tissues were initially incubated at hypertonic levels 
and then transferred to isotonic media, while the control 
halves were retained in hypertonic media (Table IV). The 
reciprocal of the values obtained in transferring tissues 
from 600 to 300 raosinoles/kg H20 (0*69) and from 500 to 300 
mosmoles (0.79) compare closely to the values obtained in 
going from 300 to 600 mosmoles (0.64) and from 300 to 500 
mosmoles (0.80). 
36 
Incubation periods with S of 30, 20, and 10 minutes 
all revealed depressions in S-^ incorporation of similar 
magnitude to those noted at comparable levels of hyper¬ 
tonicity in the usual two-hour incubations (Table V)* 
The results of oxygen consumption studies over a 
comparable range of osmolalities did not parallel the 
trend shown by the S-^ Incorporation experiments; signif¬ 
icant depression of oxygen consumption was evident only at. 
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Pi soussion. The data presented indicate that S' J incor¬ 
poration into acid mucopolysaccharides in rabbit renal 
papillae is significantly depressed by NaCl-induced incre¬ 
ments in osmolality over a range of J00 to 1,000 mosmoles/ 
3 < 
kg H^Q. ■ The mechanism of this inhibition of S-'-' incor¬ 
poration may involve osmotic damage to tissue subjected to 
hypertonic media, decreased membrane permeability to SQ^(, 
decreased cellular synthesis of mucopolysaccharide, or 
decreased sulfation of the polysaccharides. 
The subjection of renal papillae to solutions with 
osmolalities as high as 1,000 mosmoles/kg H20 is physiolog¬ 
ical and should not cause generalized osmotic damage to 
metabolic processes. Lee et al. (8l) have shown that slices 
of rabbit renal medulla retain a capacity for extensive 
glucose oxidation at osmolalities greater than 1,000 mos¬ 
moles/kg H20. Adult, hydropenic rabbits can elaborate urine 
of osmolalities ranging from 1200 to 1600 mosmoles/kg H^O; 
analyses of papillary tissue from these rabbits reveal a 
mean (Na) = 201 rnM, (K) = 76*2 mM, and (urea)~197»2 mM/kg- 
H^O (82). In our experiments, papillae initially incubated 
for two hours at 500 and 600 mosmoles/kg H20 recovered max¬ 
imal capacity for incorporation when transferred to 
isotonic media, while papillae pre-lncubated at 900 mosmoles/ 
kg H20 showed only a four-fold increase (E/C - k,l6) in in¬ 




EFFECT OF DECREASING OSMOLALITY WITH NaCl 
RATIOS OF SPECIFIC ACTIVITY _ CPM _ 
HEXOSAMINE 
Time of Incubation at High Osmolality - 30 Min. 
No« Osmolality S.A. S. A. 
Exp/control Exp/control Control/exp 
5 300/500 1.26 
3 300/600 1.45 













No. Time E/C 
2 10' 0.58 
1 20* 0.64 
4 30' 0.60 
Table VI 
02 CONSUMPTION AT INCREASING OSMOLALITY WITH NaCl 
< Range 
No. mOsm. O9 consump. Osmolality Oo consump. p* 
-*#l/hr/mg wet wt Exp/control Exp/control 
6 300 0.28-0.59 300/300 1.02 
10 400 0.30-0,44 400/300 1.03 0.9 
8 500 0.26-0.43 500/300 0.96 0.4 
6 600 0.32-0.56 600/300 1.11 0.3 
6 750 0.22-0.61 750/300 1.16 0.2 
8 900 0.21-0.39 900/300 0.62 <0.001 
^unpaired t analysis 
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of (Na) at the 900 mosmoles/kg H^O level may, however, 
represent an unphysiologically high concentration of Na 
for rabbit papillae, since, in the in vivo state, urea 
and K contribute a large proportion of the total tissue 
solute content during antidiuresis* 
Papillary oxygen consumption was not depressed in 
media of osmolalities ranging from 300 to 750 mosmoles 
and did not simulate the trend of progressive inhibition 
shown by S^5 incorporation over a comparable range of 
osmolalities; only at the 900 mosmole level did signi- 
ficant depression occur. Kean et al. (83), however, re- 
ported decreased oxygen consumptions at much lower levels 
of hypertonicity in the inner medulla of dogs* 
If the inhibition of S^-5 incorporation at hyper¬ 
tonicity is a reflection of decreased mucopolysaccharide 
synthesis, then the results of this study support the work 
of those investigators who have reported decreased amounts 
of mucopolysaccharide in the papillae from antidiuretic 
animals (60,62,63,69)* Ivanova and Vinogradov (62) noted 
histologic evidence of mucopolysaccharide depolymerization 
in rat renal papillae in tissue sections prepared ^5 min¬ 
utes after the injection of ADH, while Jacobson (69) was 
able to measure significant decreases in hexosamine con¬ 
tent in rat papillae two hours after ADH administration. 
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In our experiments, significant levels in depression in 
incorporation were evident after only ten minutes of 
incubation in hypertonic media* This observation may be 
the initial effect of hypertonicity and can best be ex¬ 
plained by either decreased transport of sulfate and/or 
the inhibition of enzymatic processes involved in sul- 
f ation. 
The quantitative expression of mucopolysaccharide 
synthesis (or sulfation) in terms of. the ratio ’’specific 
activity53 (CPM/Hexosamine) deserves comment. The amount 
of mucopolysaccharide synthesized during the time of in¬ 
cubation in each experiment, as measured by the in¬ 
corporation (CPM) probably represents quantitatively a 
small fraction of the total tissue mucopolysaccharide 
(total hexosamine). Thus, in the ratio CPM/Hexosamine 
("specific activity"), the numerator represents a small 
proportion of the total tissue mucopolysaccharide denoted 
in the denominator. Division of the small numerator by 
the large denominator to obtain the "specific activity" - 
a necessity for comparing the results of one experiment 
with those of others - renders more difficult and may ob¬ 
scure the experimental'measurement of variations in muco¬ 
polysaccharide synthesis from one papillae to the next, ' 
especially if such differences are quantitatively small. 
Furthermore, whereas the numerator (CPM) measures synthesis 
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of only sulfated mucopolysaccharides, the denominator - 
being a measurement of the total tissue hexosamine - re- 
fleets not only the amount of sulfated, but also the amount 
of non-sulfated mucopolysaccharides, such as hyaluronic 
acid. Recent investigations Indicate significant amounts 
of both chondroitin sulfate and hyaluronic acid in rabbit 
renal papillae (89). 
C. The role of acid mucopolysaccharides in the urine 
concentrating mechanism. 
The importance of acid mucopolysaccharides in reg¬ 
ulating water and electrolyte movement through the pap¬ 
illary tip during urine formation remains speculative* ' 
Ginetzinsky1s proposal (60) that ADH effects a concentrated 
urine by stimulating collecting duct cells to secrete a 
hyaluronida.se capable of depolymerizing the hyaluronic 
acid in the intercellular cement and basement membranes 
of collecting ducts and thereby promoting osmotic equili¬ 
bration of the tubular contents viith the hypertonic med- 
uallary interstitium has not gained widespread acceptance. 
In support of his hypothesis, Ginetzinsky reported data 
showing an inverse relationship between urine flow and 
the hyaluronidase activity of urine, in addition to pro¬ 
viding histological evidence of apocrine secretory activity 
in collecting duct cells and depolymerization of hyaluronic 
■ 
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acid in the intercellular cement and basement membranes 
of collecting ducts. Berlyne (6l) disputed the validity 
of Ginetzinskyfs method for estimating hyaluronidase act¬ 
ivity, and his re-investigation of the problem with a more 
appropiate assay failed to disclose any relationship be¬ 
tween urine minute volume and hyaluronidase excretion per 
minute. 
A series of studies by Dicker and. Eggleton (84,85» 
86,87)* however, support Ginetzinsky’s proposal that some 
relationship does exist between the excretion of anti- 
diuretic activity and hyaluronidase. In a study using 
human subjects, Dicker and Eggleton (85) reported decreased 
antidiuretic activity and hyaluronidase concentration in 
the urine of subjects folloxtfing water and alcohol diuresis 
and an increase in both ADH and hyaluronidase activity with 
the restoration of normal rates of urine flow. Injection 
of vasopressin in two cases of nephrogenic diabetes insip¬ 
idus caused no excretion of hyaluronidase. They stressed 
that the lack of any strict quantitative relationship be¬ 
tween the excretion of ADH and hyaluronidase is not sur¬ 
prising in view of the wide range of individual variations 
in the excretion of both these substances and the possible 




Interestingly, Thorn et al. (88) induced antidiuresis 
in hydrated rats by the intravenous administration of large 
doses of bovine testicular hya.luronidase, but the signi¬ 
ficance of this response is not clear especially in view 
of the enormous doses required to produce the antidiuresis. 
Adapting histochemical techniques to electron micro¬ 
scopic studies, Prose and Farber (90) confirmed the presence 
of acid mucopolysaccharides in the interstitium between 
collecting ducts and capillaries. Intense staining was 
regularly found between collagen fibers, surrounding col¬ 
lagen bundles, and In the vicinity of the interstitial 
cells. The luminal surface of tubular epithelial cells 
and capillary endothelium was regularly coated by extra¬ 
cellular mucopolysaccharide. Intracellular localization 
of acid mucopolysaccharides was noted in vesicles situated 
just below the cell surface and in the vicinity of the 
Golgi apparatus. 
The histological and histochemical studies of Heller 
and Lojda (64) and Breddy et al. (65) do not agree with 
the morphological evidence submitted by Ginetzinsky in 
support of his hypothesis on the mechanism of action of 
ADH. However, the histochemical studies of Ivanova and 
Vinogradov (62) and Stolarczyk and Manitius (63) and. the 
hexosamlne determinations of Jacobson et al. (69) do sup- 




saccharide content of renal papillae decreases during anti- 
diuresis. The results of this study - that of decreasing 
S^5 incorporation in hypertonic media - if indicative of 
decreased mucopolysaccharide synthesis, may 'be interpreted 
as providing a metabolic explanation for the decreased 
amounts of mucopolysaccharide observed in renal papillae 
from antidiuretic animals. 
The observed variations in the mucopolysaccharides 
of renal papillae may reflect quantitative, qualitative, 
and metabolic changes important in the regulation of water 
and electrolyte exchanges during urine formation. The de¬ 
crease in mucopolysaccharide content may indicate depoly¬ 
merization and washout of hyaluronic acid and/or chondroitin 
sulfate from the intercellular cement and basement membranes 
of collecting ducts with a concomitant increase in per¬ 
meability of the ducts, much as Ginetzinsky proposed, 
whether or not this process results from the direct action 
of ADH. A second possibility may involve the depolymeri¬ 
zation and quantitative decrease in the mucopolysaccharides 
located in the interstitial space between collecting ducts 
and capillaries. A decrease in the water-binding capacity 
of the ground substance following the breakdown and egress 
of protein-polysaccharide complexes may facilitate the de¬ 
crease in water content of papillary tissue observed during 

39 
antidiuresis. A decrease in the amount and degree of poly¬ 
merization of the mucopolysaccharides may also reduce the 
ion-binding capacity of the interstitial connective tissue 
and thereby release osmotically inactivated cations to con¬ 
tribute to the production•of a hypertonic environment re¬ 
quired for urine concentration. 
A strict quantitative relationship between reductions 
in mucopolysaccharide content and the production of a hyper 
tonic interstitium need not exist if one assumes the inter¬ 
stitial ground substance to be a heterogeneous, multiphased 
system, as envisioned by Catchpole, Joseph, and Engel. In 
such a system, localized changes limited to crucial areas 
may assume importance in determining the net result of a 
series of related processes. Thus, changing the cation¬ 
binding capacity of the ground substance in the immediate 
vicinity of the collecting ducts may influence the trans¬ 
port and content of Na in the Interstitium as a "whole, or 
the localized collapse of contiguous connective tissue 
structures dependent on the structural integrity of the 
protein-polysaccharide complexes may open up channels for 
the preferential movement of water and electrolytes through 
the papillary tip. 
If such mechanisms are operative, the gross determ- • 
inations of changes in mucopolysaccharide content and 
metabolism would fail to reveal the degree of regulation 
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exercised by mucopolysaccharides. A more direct expression 
of the influence of these compounds in urine formation must 




As constituents of the ground substance of connective 
ti ssue, acid mucopolysaccharides occupy a strategic position, 
for all substances entering and leaving cells must pass 
through the ground substance. The polymeric and polyelectro- 
lyte properties of acid mucopolysaccharides suggest that 
these substances may play an important role in the extra¬ 
cellular content and transport of water, electrolytes, and 
other substances, such as albumin. __ * 
The abundance of these compounds in the interstltium 
of renal papillae and in the basement membranes of collecting 
ducts arouses interest in the role which mucopolysaccharides 
may play in the water and electrolyte exchanges during 
urine formation. Histochemlcal and biochemical Investi¬ 
gations indicate that the acid mucopolysaccharides of renal 
papillae undergo depolymerization and quantitative reduction 
during antidiuresis. The results of the study presented in 
this paper show that NaCl-induced increments in osmolality 
progressively inhibits S^5 incorporation into mucopoly¬ 
saccharides in slices of rabbit renal papillae. This pro¬ 
gressive inhibition of S^5 incorporation in hypertonic 
media is rapid, reversible, and unrelated to changes in 
Og consumption over a comparable range of osmolalities. 
These results are interpreted as Indicating either decreased 
synthesis or decreased sulfation of papillary mucopolysacharides 

k2 
in hypertonic media and may offer a metabolic explanation 
for the decreased amounts of mucopolysaccharides observed 
by other investigators in papillae from antidiuretic 
animals. 
The role of acid mucopolysaccharides in urine formation 
remains speculative. Localized changes in the quantity and 
in the state of polymerization of papillary interstitial 
mucopolysaccharides may result in concomitant changes in 
the water- and/or cation-binding capacity of the ground sub¬ 
stance of renal papillae in the vicinity of structures in¬ 
timately involved in the urine concentrating process. Such 
changes may play an important regulatory role in the water 
and electrolyte exchanges essential to the elaboration of 
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